ABSTRACT: Quantum mechanics only (QM-only) studies of enzymatic reactions employ a coordinate-locking scheme, in which certain key atoms at the periphery of the chosen cluster model are fixed to their crystal structure positions. We report a case study on acetylene hydratase to assess the uncertainties introduced by this scheme. Random displacements of 0.1, 0.15, and 0.2 Å were applied at the ten terminal atoms fixed in the chosen 116-atom cluster model to generate sets of ten distorted structures for each given displacement. The relevant stationary points were reoptimized under these modified constraints to determine the variations of the computed energies and geometries induced by the displacements of the fixed atoms. Displacements of 0.1 Å cause a relatively minor perturbation that can be accommodated during geometry optimization, resulting in rather small changes in key bond distances and relative energies (typically of the order of 0.01 Å and 1 kcal/mol), whereas displacements of 0.2 Å lead to larger fluctuations (typically twice as high) and may sometimes even cause convergence to different local minima during geometry optimization. A literature survey indicates that protein crystal structures with a resolution higher than 2.0 Å are normally associated with a coordinate error of less than 0.1 Å for the backbone atoms. Judging from the present results for acetylene hydratase, such uncertainties seem tolerable in the design of QM-only models with more than 100 atoms, which are flexible enough to adapt during geometry optimization and thus keep the associate uncertainties in the computed energies and bond distances at tolerable levels (around 1 kcal/mol and 0.01 Å, respectively). On the other hand, crystal structures with significantly lower resolution should be used with great caution when setting up QM-only models because the resulting uncertainties in the computational results may become larger than acceptable. The present conclusions are mostly based on systematic DFT(B3LYP) calculations with a medium-size basis set. Test calculations on selected structures confirm that similar results are obtained for larger basis sets, different functionals (ωB97X, BMK, M06), and upon including solvation and zero-point corrections, even though the fluctuations in the computed relative energies become somewhat larger in some cases.
I. INTRODUCTION
The quantum mechanics only (QM-only) approach, 1−6 alternatively known as the quantum chemical cluster approach, has been successfully applied to mechanistic investigations of a wide spectrum of different enzymes. The basic idea of this approach is to design a cluster model of the active site on the basis of available crystal structures and treat it quantum mechanically as accurately as possible. In most cases, density functional theory (DFT) methods, in particular the B3LYP 7 functional, have been used. To account for the polarization and steric effects from the protein surrounding, two simple procedures are normally adopted. The polarization effect is modeled by embedding the cluster into a dielectric continuum with a dielectric constant of 4. The particular choice of the dielectric constant becomes irrelevant when the size of the QMonly model reaches 150−200 atoms, as shown by recent studies on four different types of enzymes. 8−11 The steric effect introduced by the protein environment is taken into account by a coordinate-locking scheme, in which certain key atoms, typically those where the truncation is made, are fixed to their crystal structure positions during the geometry optimizations.
The coordinate-locking scheme keeps the optimized structures reasonably close to the X-ray structure and prevents artificial movements and rotations of various groups in the model. A proper application of this technique can ensure the structural integrity of the model and at the same time permit enough flexibility during geometry optimization. In a mechanistic study of the zinc-dependent enzyme thermolysin, Siegbahn and co-workers found that the geometries and relative energies of all stationary points were quite similar in cluster calculations with and without constraints. 12 For geometries, the mean absolute deviation of the zinc−ligand distances was 0.03 Å, with a maximum deviation of 0.23 Å. For energies, the average and maximum deviations were 1.3 and 2.6 kcal/mol, respectively. In an investigation of another zinc-containing enzyme, stromelysin, they used an alternative procedure to mimic the steric effects by including backbones to connect all four important residues in the model. 13 The difference in the barriers calculated with and without backbones was 1.6 kcal/ mol, while the reaction energy deviated somewhat more (by 5.1 kcal/mol). Siegbahn also tested the use of two different crystal structures of the dinuclear copper enzyme catechol oxidase, with Cu−Cu distances of 2.9 and 4.2 Å, to check the effect of backbone constraints at different positions.
14 After geometry optimization, the total energies of the μ-oxo complexes derived from these two different structures deviated by 2.3 kcal/mol. In the case of photosystem II, 15 cluster models were generated from crystal structures of different resolution (3.5 and 1.9 Å); both models gave similar transition states and barriers (5.7 vs 6.0 kcal/mol) for the critical O−O bond formation step, which may be due to the fact that the positions of the backbone atoms are quite similar in the X-ray structures, with differences of a few tenths of an Ångstrom, except for Asp170 (2.7 Å) and Glu189 (2.0 Å). Himo and co-workers compared constrained and completely unconstrained models for the dinuclear zinc enzyme phosphotriesterase (82 atoms) and found energy differences of 2−5 kcal/mol for various stationary points. 16 As a general conclusion, the reliance on the crystal structure is not considered critical in QM-only studies, if its resolution is reasonable and if the geometry, particularly around the active site, does not change much during the reaction. 15 If the protein structure undergoes large displacements during the reaction, which is not common, the standard QM-only approach may fail because of the locking procedure used.
The robustness and success of the QM-only model depend on the quality of the starting crystal structure and on the flexibility of the chosen model, both of which should resemble the natural enzyme as much as possible. In principle, if more than one crystal structure is available, one should use the one with the highest resolution. The accuracy of crystal structures can be assessed from the atomic coordinate error, which can be estimated by three different methods, namely, the Luzzati plot, 17 the σ A plot, 18 and the Cruickshank diffractioncomponent precision index (DPI). 19 The DPI indexes for 109 protein structures at different resolution (for data see Supporting Information, Table S1 ) are plotted in Figure 1 . Evidently, the coordinate error is generally less than 0.1 Å at high resolution (0.8 to 1.5 Å) and in the range between 0.1 and 0.3 Å at medium resolution (1.5 to 2.5 Å), apart from a few exceptions. Since the Cα atoms of the protein backbone are often fixed in the QM-only model, it is of interest to estimate the coordinate error also specifically for the backbone atoms. Corresponding comparisons for eight crystal structures 20−25 (for data see Supporting Information, Table S2) reveal that the error for the backbone atoms is approximately half of that for all atoms, due to the lower flexibility of the backbone relative to the side chains. Therefore, the coordinate error for the backbone atoms should normally be less than 0.1 Å for structures with a resolution higher than 2.0 Å, while it could be 0.2 Å or even larger for structures with lower resolution.
The uncertainties in X-ray coordinates may affect the accuracy of the structures and energetics obtained from QMonly modeling of enzymatic reactions (because of the commonly applied coordinate-locking procedure). In this article, we address this issue using the tungsten-dependent acetylene hydratase as an example. The reaction mechanism of this enzyme (Scheme 1) has been established using the QMonly approach, 26 and the QM-only results have been compared thoroughly with those from QM/MM calculations. 27 The mechanism consists of five steps. First, the acetylene molecule displaces the tungsten-bound water molecule and becomes coordinated to the metal in a η 2 fashion. In the second step, the liberated water molecule performs a nucleophilic attack on the acetylene carbon, activated by the anionic Asp13 residue. This is followed by proton transfer from Asp13 to the substrate to afford vinyl alcohol. The subsequent two isomerization steps take place with the assistance of the tungsten ion and Asp13. This proposed mechanism has been used to rationalize the factors that govern the chemoselectivity of this enzyme, which does not promote the hydration of propyne, ethylene, and acetonitrile. 28 A biomimetic tungsten complex also employs a similar mechanism to catalyze the acetylene hydration. 29 In the present paper, we are only interested in methodological issues, and we will thus focus on the vinyl alcohol formation process (from Int1 to Int3). Random displacements at Int1 (Figure 2 ) of the QM-only model 26 were performed for the ten atoms (labeled by asterisks) that were fixed during the geometry optimizations. Three distances of 0.1, 0.15, and 0.2 Å were selected for the random displacements, and ten structures were generated for each one, resulting in a total of 30 structures. The value of 0.1 Å roughly corresponds to the upper limit of the coordinate error of backbone atoms for protein structures with a resolution of better than 2.0 Å (see above). In contrast to earlier tests by Siegbahn, 15 one of the fixed atoms belongs to a nearby amino acid (Asp13) that is directly involved in the reaction.
II. COMPUTATIONAL DETAILS
The QM-only model is exactly the same as in the previous study 26 and will thus not be described in detail here. It consists of 116 atoms ( Figure 2 ) with a total charge of −1. The present calculations were carried out using exactly the same methods as in the previous QM-only investigation of the mechanism of acetylene hydratase. 26 They employed the hybrid functional B3LYP, 7 as implemented in the Gaussian09 code. 30 For geometry optimizations, we used the 6-31G(d) basis set for C, N, O, and H, the 6-311+G(d) basis for S, and the LANL2TZ(f) 31 pseudopotential and basis for tungsten (labeled as BS1).
For one structure with 0.1 Å random displacements, singlepoint calculations were done with a larger basis set, i.e., 6-311+G(2d,2p) for all elements except for W, which was described by the LANL2TZ(f) basis set and pseudopotential (labeled as BS2). In addition, the def2-TZVPPD 32 basis set (with the corresponding pseudopotential for W) was used in single-point calculations with the B3LYP functional. Further single-point calculations were performed using the ωB97X,
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M06, 34 and BMK 35 functionals with the BS2 basis set. Solvation effects were evaluated by single-point calculations at the optimized gas-phase structures using the conductor-like polarizable continuum model (CPCM) 36, 37 with ε = 4, applying the same level of theory as in the geometry optimizations. Analytic frequency calculations were also carried out at the same level of theory as the geometry optimizations to obtain zero-point energies and to confirm the nature of the various stationary points. In the following, unless stated otherwise, we report energies obtained at the B3LYP/BS1 level, to illustrate the effect of varying constraints.
III. RESULTS AND DISCUSSION
III.1. Random Displacements of 0.1 Å. Ten structures were generated with random displacements of 0.1 Å for the fixed atoms (marked by asterisks in Figure 2 ). One typical structure (Structure1) was first chosen for comparisons with the original model (labeled as Original). The QM relative energies for Original and Structure1 at various levels are listed in Table 1 .
The relative energies from B3LYP calculations change significantly upon basis set extension from BS1 to BS2, both for Original and Structure1; for example, the energies of TS1 and TS2 increase by 6−7 kcal/mol. On the other hand, changes are small for all stationary points when going from BS2 to def2-TZVPPD, indicating convergence with regard to the basis set. The differences between the relative energies calculated at the B3LYP level for Original and Structure1 are not affected much by basis set extension; for example, when going from Original to Structure1, the relative energy of TS2 rises by 1.9, 2.0, and 1.3 kcal/mol for BS1, BS2, and def2-TZVPPD, respectively. The corresponding differences for the other three stationary points vary even less (within 0.5 kcal/mol). These results suggest that medium-size basis sets, in this case BS1, are capable of capturing the energy differences introduced by the random displacements, thus obviating the need for using computationally demanding large basis sets for this purpose.
The adequacy of the B3LYP functional for this enzyme was previously examined by performing single-point calculations (BS2 basis set) with the B3LYP* (15% HF exchange), 38 TPSS, 39 and BB1K 40 functionals. 26 The calculated barriers for the rate-limiting step were 2−5 kcal/mol lower than the B3LYP barrier. 26 Here, we report single-point calculations with three more functionals (ωB97X, BMK, and M06; BS2 basis set) to further assess the sensitivity of the energetics to the choice of functional. As shown in Table 1 , all three functionals give barriers and reaction energies that are quite similar to the B3LYP values. For instance, the rate-limiting barriers for Original are 25.7, 23.9, 22.0, and 24.8 kcal/mol for ωB97X, BMK, M06, and B3LYP, respectively. The differences between the relative energies calculated for Original and Structure1 are smallest for ωB97X and BMK (maximum of 1.5 and 1.4 kcal/ mol, respectively), somewhat larger for B3LYP (maximum of 2.0 kcal/mol), and largest for M06 (maximum of 3.6 kcal/mol).
In QM-only studies of enzymes, the final energies reported usually include basis set, solvation, and ZPE corrections. Table  1 presents these final energies from B3LYP calculations to assess the cumulative effect of these corrections (for details see Supporting Information, Table S3 ). The differences between Original and Structure1 become somewhat larger for all stationary points when considering these final energies. The largest difference is found for TS2, which amounts to +1.9 kcal/mol at the B3LYP/BS1 level and increases to +3.5 kcal/ mol for the final energies.
The relative energies of various stationary points at the B3LYP/BS1 level for the ten structures generated by different 0.1 Å random displacements are listed in Table 2 . The average relative energies of these ten structures are 14.3, 8.5, 18.0, and −17.5 kcal/mol, for TS1, Int2, TS2, and Int3, respectively. The associated root-mean-square deviations (RMSDs) are all less than 2 kcal/mol, with the maximum absolute deviation (MAD) reaching 4.0 kcal/mol for Int3. Moreover, the average relative energies differ from the values obtained for Original by less than 1 kcal/mol. For example, the average overall barrier is 18.0 kcal/mol, and thus is only slightly higher than the Original value of 17.4 kcal/mol. The average reaction energy of −17.5 kcal/ mol is also quite close to the Original value of −18.4 kcal/mol.
The results for Structure1 (see above) suggest that the accumulated basis set, solvation, and ZPE corrections could increase the differences between the relative energies of Original and randomly displaced structures by more than 1 kcal/mol. We thus performed some computations on all ten structures to get more reliable statistics. For the sake of efficiency, this was done only for Int1 and Int2 (for results see Table S4 , Supporting Information). The average energy of Int2 is higher than that of Original, by 0.5 kcal/mol at the B3LYP/ BS1 level and by 0.7 kcal/mol for the final energies. These results confirm that the use of B3LYP/BS1 energies is sufficient to analyze the energetic effects of varying constraints.
To summarize, we find rather small differences (RMSD less than 2 kcal/mol) between the relative energies calculated for Original and for the ten structures generated by varying the constraints on the fixed atoms (0.1 Å random displacements). Hence, for proteins with a coordinate error of the backbone atoms of less than 0.1 Å (i.e., typically a resolution of less than Regardless of the chosen displacement, the average relative energy of Int2 lies in the range of 8−9 kcal/mol, with deviations of up to 1 kcal/mol from the Original reference value (Table 3) . However, when increasing the displacements from 0.1 to 0.15 and 0.2 Å, the fluctuations in the computed energies become more pronounced: the RMSD and MAD values rise from 0.9 to 1.6 and 2.1 kcal/mol and from 1.7 to 3.9 and 4.0 kcal/mol, respectively. The large fluctuations for the 0.2 Å displacements suggest that low-resolution crystal structures should be used with great caution when designing cluster models. In such cases, it would seem advisable to choose large QM-only models to reduce the potential error introduced by the coordinate uncertainties at the fixed outer atoms.
It should be pointed out that the geometry optimizations for structures 6 and 7 with 0.2 Å displacements encountered problems with multiple local minima. Our standard procedure of reoptimization of the previously published structures 26 (with modified positions of the fixed atoms) led to conformations of Int1 and Int2 with dihedral angles C−C α −C β −S of Cys141 between 162°and 167°(see Supporting Information, Tables S8−S9) that are much larger than the reference values (Original) of 91°and 110°for structures 6 and 7, respectively. Upon re-examination of the potential energy surface, we found alternative local minima of Int1 and Int2 with dihedral angles C−C α −C β −S of Cys141 between 76°and 99°(see Supporting Information, Tables S8−S9) that are much closer to the reference values (see above). The computed relative energies (Int2 vs Int1) for structures 6 and 7 are quite low for the conformers with large dihedral angles (4.4 and 2.6 kcal/mol) and are in the usual range for the conformers with the more standard dihedral angles (11.1 and 7.2 kcal/mol). Since we have no clear-cut technical preference for either of the two types of local minima, we report relative energies and statistical data for both in Table 3 (values derived from the conformers with large dihedral angles in parentheses). Further potential energy surface scans were performed for Structure2 with 0.2 Å displacements and Structure10 with 0.15 Å displacements, the energies of which deviate quite strongly from the original reference value. These calculations confirmed that the obtained structures belong to the same local minimum.
III.3. Effects on the Optimized Geometries. The structure of the key intermediate Int2 was used to analyze the geometric changes due to varying constraints. Eleven important bond distances were selected for comparison, including seven W-related coordination distances. They are listed in Table 4 (for detailed data for each structure see Supporting Information, Tables S5−S7). The trends for the geometric changes are consistent with those for the energy changes (Table 3) . For the 0.1 Å displacement, the RMSD values for the differences in the computed distances (displaced structures vs Original) are all below 0.01 Å, except for r2, the hydrogen-bond distance between Asp13 and the hydroxyl group of the vinyl anion (RMSD 0.015 Å, MAD 0.029 Å). When the displacements are extended, the differences become larger, of course. For the 0.2 Å displacement, there are four (six) bonds with RMSD greater than 0.01 Å, and the MAD value amounts to 0.05 Å for r2 (0.10 Å for r10, data in parentheses refer to the conformers of structures 6 and 7 with large dihedral angle, see above). However, these MAD values are still much smaller than the one reported for thermolysin (0.23 Å). 12 Overall, the changes of the bond distances upon varying the constraints on the fixed atoms thus remain fairly small in Int2.
As discussed in Section III.2, the most important qualitative variation in the optimized geometries concerns the dihedral angle C−Cα−Cβ−S of Cys141, which in 2 out of the 30 cases considered can adopt a much larger value than usual that corresponds to a different type of local minimum (see Table S9 , Supporting Information, for a complete list of numerical values for Int2). The trends in the fluctuations of this dihedral angle are analogous to those for the relative energy and the bond lengths. When increasing the displacements from 0.1 to 0.15 and 0.2 Å, the RMSD value rises from 6.2°to 10.2°and 13.5°( 37.4°). The very large RMSD value of 37.4°reflects the multiple minimum problem encountered for the 0.2 Å displacement (see Section III.2).
IV. CONCLUSIONS
QM-only studies of enzymatic reactions normally employ a coordinate-locking scheme, in which certain key atoms at the periphery of the chosen model system are fixed to their crystal structure positions. We have assessed the uncertainties introduced by this scheme, using acetylene hydratase as a representative example. For this purpose, random displacements of 0.1, 0.15, and 0.2 Å were applied at the ten terminal atoms fixed in the chosen cluster model to generate sets of ten distorted structures for each displacement. The relevant stationary points were reoptimized under these modified constraints to determine the variations of the computed energies and geometries caused by displacements of the fixed atoms. For random displacements of 0.1 Å, the relative energies of the stationary points show rather small fluctuations around the reference values at the Original geometries, as indicated by RMSD (MAD) values of about 1 (2) kcal/mol for TS1, Int2, and TS2 and 1.7 (4.0) kcal/mol for Int3 ( Table 2) . As expected, the fluctuations increase for larger displacements. This has been studied mainly for Int2. For each of the three chosen displacements, the average energy (10 structures) of Int2 relative to Int1 remains close to the Original one, with deviations of less than 1 kcal/mol, but the RMSD (MAD) values roughly double from 0.9 (1.7) to 2.1 (4.0) kcal/mol when increasing the random displacements from 0.1 to 0.2 Å (Table 3) . Likewise, the fluctuations in the computed bond distances become much more pronounced, with the largest RMSD (MAD) values rising from 0.015 (0.019) to 0.027 (0.050) Å (Table 4) . For the 0.2 Å displacements, we find convergence to different types of local minima for two out of the ten distorted structures. The statistical data given above refer to a consistent set of minimum structures with similar shape; the RMSD (MAD) values increase to 2.7 (5.4) kcal/mol and 0.048 (0.102) Å when evaluated with the data from the other two local minima (i.e., they roughly triple compared with the 0.1 Å displacements).
In the chosen 116-atom model of acetylene hydratase, 26 the ten fixed atoms are not directly connected to the reaction center but separated by at least two covalent bonds. In this case, displacements of 0.1 Å for the fixed atoms seem to cause a relatively minor perturbation that can be accommodated during geometry optimization, resulting in rather small changes in key bond distances and relative energies. On the other hand, displacements of 0.2 Å for the fixed atoms lead to significantly greater variations that would commonly be considered too large to be acceptable and may even cause convergence to different local minima. One major reason for these rather large variations may be that one of the fixed Cα atoms belongs to the Asp13 residue that is directly involved in both proton transfer reactions.
Generalizing our findings from the present case study on acetylene hydratase, we note that crystal structures with a resolution higher than 2.0 Å are normally associated with a coordinate error less than 0.1 Å for the backbone atoms (see Introduction). These uncertainties should be tolerable in the design of QM-only models with more than 100 atoms, which are flexible enough to adapt during geometry optimization, so that the associated uncertainties in the computed energies and bond distances are expected to be of the order of 1 kcal/mol and 0.01 Å. Crystal structures with significantly lower resolution should be used with great caution when setting up QM-only modelsin such cases, it is advisable to use very large cluster models, with the fixed atoms further apart from the reaction center to minimize their influence.
On the technical side, the comparison of using different basis sets suggests that a medium basis set (BS1) is sufficient to capture the energy fluctuations due to varying constraints. However, it should be pointed out that the computation of more reliable energies requires the use of larger basis sets, like BS2 or def2-TZVPPD, which are affordable for the model size used here (116 atoms). Single-point calculations with the ωB97X, BMK, and M06 functionals give similar barriers for both reaction steps, with deviations from the B3LYP values of less than 3 kcal/mol (Table 1) . Furthermore, the displacementinduced energy fluctuations are also similar for ωB97X and BMK and somewhat more pronounced for M06. 
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